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Abstract 
The present work reports a novel and simple way to functionalize commercial silicon 
carbide with magnetic nanoparticles (Fe3O4). Maghemite and magnetite nanoparticles 
were synthesized by chemical coprecipitation of FeCl3·6H2O and FeCl2·4H2O with a 
proportion 2:1. This method was selected for its simplicity, reproducibility and low cost 
in terms of solvents and chemical reagents. They were characterized by transmission 
electron microscopy (TEM), X-ray diffraction (XRD), magnetometry (MIAtek®) and 
ultraviolet-visible spectroscopy (UV). The main objective of this work is to study the 
coating of SiC with Fe3O4 in four different situations: synthesis or addition of magnetic 
nanoparticles, evaporation of water, and use of a binder. The particles were characterized 
by scanning electron microscopy (SEM), magnetometry (MIAtek®) and Fourier 
transform infrared spectroscopy (FT-IR). As observed by MIAtek® there is a difference 
between the methods used, evaporation of water being the best technique to obtain 
functionalized SiC with 0,5 wt% coated nanoparticles and showing no apparent change 
on morphology and a high magnetic saturation reachable at low applied field and room 
temperature, making this method, suitable for tracer uses. 
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1. Introduction 
Fluidization it is an event adopted in numerous process in engineering with many years 
of experience. Its first appearance was in 1940, used in the process of catalytic cracking. 
Since then, there has been multiples studies to understand the procedure and enhance its 
performance [1]. To figure out fluidized bed comportments, there has been multiples 
methods, such as bed pressure drop, bubbles rate of ascent, void fraction and pressure 
variations during the process [2]. 
Nowadays there are sophisticated methods involving capacitive probes, gamma -ray 
detectors in-line particle size analyzers, positron emission particle tracking, ultraviolet 
camera, among others [3][4][5]. 
High pressure/temperature fluidized beds are large used in chemical industries such as 
gasification, catalytic cracking, combustion chambers. It is important to understand 
particles motion inside the reactor. However, there are not many possible methods 
involving particles movement at such high temperature. Capacitive probes has proven to 
be a reliable technique to detect it [6]. 
The particle designed to pass through the sensor will be Silicon carbide (SiC) coated with 
iron oxide (Fe3O4) magnetic nanoparticles. This tracer will maintain SiC properties, 
making it suitable to use it as a tracer. 
SiC is a semiconductor material which improves the performance of Silicon (Si) in 
microelectronic applications at high temperatures, high power and irradiated systems. SiC 
particles are used as a heat transfer medium in fluidized beds, in order to collect solar 
energy radiation in solar thermal plants [6][7]. The improvements of SiC in this process 
are high heat capacity, good availability and low cost. This promising properties makes 
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the SiC a suitable candidate in process involving fluidized beds, such as gasification or 
combustion [5]. The SiC particles used for this experimental work are Saint Gobain, 
SIKA® ABR IV A F220 with an average particle size (d3,2) of 60 µm and density of 3210 
k/m3. 
Regarding the magnetic coating, the objective of this work is to synthesis magnetic 
nanoparticles (MNP). MNP have applications in several areas such as biomedical [8] or 
green chemistry [9]. The magnetite, iron oxide paramagnetic, can be produced by 
different methods including thermal decomposition of organometallic precursors [10], 
chemical co-precipitation [11][12] or ultrasound irradiation [13]. In this work, Fe3O4 were 
manufactured with co-precipitation method. This method was selected for its simplicity, 
reproducibility and low cost in terms of solvents and chemical reagents. In this method, 
Fe2+ and Fe3+ are generally precipitated in alkaline solutions, sodium hydroxide (NaOH) 
at 35ºC. The size of nanoparticles generated will have a strong impact on their magnetic 
properties [12]. 
This experimental work defines and discuss different methods, using liquid precipitation 
of Fe3O4, to cover SiC particles. Process such as synthesis or addition of MNP, 
evaporation of water, and use of a binder will be evaluated. The resulting SiC particles 
are slightly covered with Fe3O4 nanoparticles leading to a particle with similar shape and 
density, making it suitable for tracer uses. 
2. Experimental 
2.1. Materials and methods 
The chemical reagents used to produce MNP (Fe3O4) in this work were ferrous chloride 
tetrahydrate (FeCl2·4H2O), ferric chloride hexahydrate (FeCl3·6H2O), sodium hydroxide 
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(NaOH) and hydrochloric acid 37% (HCl). All chemicals compounds were of analytical 
degree. The coating process required silicon carbide (SiC) SIKA® ABR IV A F220, 
sodium hydroxide (NaOH) and (hydroxypropyl)methyl cellulose (HPMC). Potassium 
thiocyanate (KSCN), Nitric acid (HNO3) and Hydrogen peroxide (H2O2) were used in the 
characterization of nanoparticles concentration. 
Nanoparticles were synthesized according to the method of alkaline co-precipitation of 
iron salts in aqueous solutions [11][12]. SiC coating was realized by liquid deposition. 
2.2. Synthesis of Magnetite 
Three samples of magnetite nanoparticles were prepared by alkaline co-precipitation. A 
mixing of iron ions in form of hydrated chloride salts were poured in alkaline medium, in 
the proportion of Fe3+/Fe2+ of 2/1. Initially, 0,01 mol of FeCl2·4H2O were dissolved in 
7,5 mL of HCl 1 mol·L-1 to prevent premature oxidation of Fe2+ to Fe3+ in aqueous 
solutions. 0.02 mol of FeCl3·6H2O were dissolved in 160 mL of water, and mixed with 
the ferrous solution through an ultrasound bath. Afterwards, the binary solution of Fe2+ 
and Fe3+ was added, with a burette of 100 mL, into a solution of NaOH 2 mol·L-1 (84 
mL). The addition speed will define nanoparticle size [11]. For 2 h, under constant stirring 
at 2000 rpm, the solution reacted at constant temperature (35ºC). 
It is important to note that, when NaOH was used, the binary solution of Fe2+ and Fe3+ 
was added over the base contained. The resulting black precipitate was isolated by a 
magnetic field and washed several times with distilled water, reaching a value of pH equal 
to 7. This process is characterized by the following chemical equation: 
𝐹𝑒2+  (𝑎𝑞) + 2𝐹𝑒
3+  (𝑎𝑞) + 8𝑂𝐻
− (𝑎𝑞) → 𝐹𝑒3𝑂4  (𝑠) + 4𝐻2𝑂 (1) 
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2.3. SiC functionalization with magnetite nanoparticles 
Four procedures were prepared for SiC functionalization: synthesis or addition of MNP, 
evaporation of water, and use of a binder. All of them were carried at basic pH (pH>12), 
with the same proportion magnetite nanoparticles /SiC (10 wt%). 
Procedure 1. The synthesis of magnetite nanoparticles was performed as described in 
section 2.2. SiC particles were previously weighed and introduced inside the reactor with 
a quantity of base (NaOH). The binary solution of Fe2+ and Fe3+ was poured inside the 
reactor and agitated for 2 h with vigorous stirring at 35 ºC. The sample was filtrated and 
rinsed with abundant water, then dried at 70 ºC for 24 h. 
Procedure 2. The addition of magnetite nanoparticles was done in the same reactor as 
procedure 1. SiC particles, previously weighed, were introduced inside the reactor with a 
quantity of base. This quantity depends on the volume of magnetite nanoparticles used 
(20 mL NaOH 2 mol·L-1 for 100 mL of MNP). Stable nanoparticles were poured inside 
the reactor and agitated with vigorous stirring at 35ºC. The sample was filtrated and rinsed 
with abundant water, then dried at 70 ºC for 24 h. 
Procedure 3. The water evaporation was a similar method as procedure 2. In this case, a 
Rotavap® was used to evaporate the solvent. The SiC was placed inside the flask with an 
amount of base and magnetite nanoparticles. The flask was rotated energetically at 50 ºC 
and with a pressure of 75 mbar, until the solvent had been evaporated. Then, the solid 
was removed from the flask with deionized water, filtrated and washed. At the end, the 
sample was dried at 70 ºC for 24 h. 
Procedure 4. The binder (HPMC) was used in procedures 1 (Procedure 4.1) and 3 
(Procedure 4.3). In procedure 1, 30 min after pouring the binary solution, the binder was 
added at a 0,5 wt% of SiC in liquid state. In procedure 3, the binder was added with the 
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other reagents from the start. To liquefy HPMC, the powder was dissolved in 20 mL of 
water, then stirred with a magnetic agitator for 20 min at 50 ºC. 
2.4. Sample Characterization 
2.4.1. Transmission Electron Microscope (TEM) 
The homogeneity and dimension of nanoparticles test was performed by TEM. The 
equipment used was a Philips CM10 integrating a head of lanthanum hexaboride (LaB6) 
operated at 100 kV. A drop of well dispersed MNP was placed on a copper grid of 2 mm 
diameter coated with an amorphous carbon film. The solution was dried at room 
temperature before it was attached to the microscope sample holder. 
2.4.2. X-Ray Diffraction (XRD) 
The crystallographic analysis of the samples was performed by XRD powder method.  
Diffraction patterns (2𝜃) were recorded with a BRUKER D8 ADVANCE diffractometer, 
equipped with copper cathode (Cu K𝛼1 1,54178 ?̇?) and Ni filter, operating at 40 kV and 
a current of 40 mA. A continuous scan with a step of 0,020 (1 deg/50 s) was used to 
collect 2θ from 10 to 80 degrees, using DIFRACT.EVA V4.2.1 software to treat the 
results. 
2.4.3. Ultraviolet-Visible Spectroscopy (UV) 
The concentration of magnetite nanoparticles was measured by UV method and was 
carried out in a VWR® UV-6300PC. This equipment has a double beam with deuterium 
and tungsten lamps, with a wavelength range (nm) 190-1100. There were two analysis 
done: direct measure on nanoparticles sample and KSCN method (both explained in 
Concentration determination by the method KSCN). The wave length was 480 nm and 
475 nm respectively. 
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2.4.4. Dynamic light scattering (DLS) 
The size distribution profile of nanoparticles was determined by Dynamic light 
scattering (DLS). The equipment used to determine the distribution was a Malvern model 
Nano-ZS ZEN 3600. It has a He-Ne laser with 10mW power, lenses, mirrors and 
attenuators, avalanche photodiode and a numeric correlator.  
2.4.5. Scanning Electron Microscope (SEM) 
The SiC morphology was examined by scanning electron microscopy (SEM). The 
equipment used was a FEI Quanta 250 FEG, operated at 20 kV and using a lens 
amplification between 100 and 400.  
2.4.6. Fourier transform infrared spectroscopy (FT-IR) and Attenuated Total 
Reflection (FTIR-ATR) 
FT-IR was used to detect the characteristic bands for Fe-O and complement the 
information of XRD method on the magnetite nanoparticles samples. The equipment used 
from Thermo Scientific is a Nicolet 380. It has a Globar lamp with a SiC stick, emitting 
from 250 to 10000 cm-1, a separator (Germanium and potassium bromide KBr), 
interferometer and a pyroelectric detector (DRGS type). The data has been treated with 
OMNIC software. The Fe-O characteristic bands inside Fe3O4 nanoparticles were 452 
and 585 cm-1 [14][15]. Attenuated total reflexion (ATR) installed on a Nicolet 6700 was 
used, in the middle infrared region (3850-675 cm-1), to study SiC samples to detect Fe3O4 
coating. 
FT-IR (KBr): 452 cm-1, 585 cm-1, 632 cm-1, 1384 cm-1, 1618 cm-1 3384 cm-1. 
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2.4.7. Magnetic Properties 
Magnetic properties of the samples were tested in the MIAtek® equipment. MIAtek® 
allows to measure the third derivate for the magnetic induction in relation with the 
excitation field S3(H) = 𝝏3B(H) / 𝝏 3B (MIAtek® units) where the field H is null. An 
alternative double excitation field is applied with a low frequency (LF) and high 
amplitude (f0 = 0,025 Hz and A0 = ±36 kA·m-1) and a field with high frequency (HF) and 
low amplitude (f1 = 24,4 kHz and A1 = ±0,707 kA·m-1). This equipment measures the 
harmonic tension related to the frequency f1 - 2f0, being the tension, proportional to the 
concentration of superparamagnetic nanoparticles in the sample. 
3. Results and Discussion 
3.1. Magnetite Nanoparticles 
One of the main objectives of this work was to produce magnetite nanoparticles, in order 
to obtain SiC functionalized. To do so, MNP should be small enough to coat the surface 
of SiC, and sufficiently large to obtain a suitable magnetism. To do so, MNP were 
produce with co-precipitation method, being NaOH, the base. The characterization of iron 
oxide was obtained by XRD and FT-IR analysis. Size distributions of MNP synthesized 
in this work were obtained by analysis of TEM images and Zetasizer® analysis. 
The crystallization of the iron oxide was characterized by XRD, shown on Figure 3.1. 
The pattern of X-ray diffraction corresponds to samples of magnetite with copper cathode 
shown in Mascolo [12]. Near the most intense peak, at 35,2º (2θ), there is a band 
corresponding to salt. This salt, originates in the nanoparticles cleaning. It is due the use 
of acid and base to adjust to a pH 7.  
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Although the bands are characteristic for magnetite (Fe3O4), they also concur with 
maghemite. The sample had a black perception indicating more concentration of 
Magnetite than Maghemite. To assure the composition of Fe3O4, a FT-IR was realized, 
shown on Figure 3.2. The presence of magnetite can be confirmed by the three absorption 
bands at 452, 585 and 632 cm-1. The spectrum prove the characteristic strong absorption 
band at 585 cm-1, which comes from the Fe-O typical vibration of magnetite [15]. 
 
Figure 3.1. X-ray diffraction (XRD) patterns with cupper radiation of MNP obtained with co-precipitation method 
 
Figure 3.2. FT-IR image for MNP prepared by co-precipitation method.  
 
Once the most intense peak was determined at 35,2º (2θ), Scherrer’s equation (equation 
4) was used to calculate the average nanoparticle diameter[16]: 
𝐷(ℎ𝑘𝑙) =  
𝐾 · 𝜆
𝑏(ℎ𝑘𝑙) · cos 𝜃
 (2) 
The equation uses the reference peak width at angle 𝜃, analogous to Bragg’s angle, where 
λ is the X-Ray wavelength (Cu K𝛼1 1,54178 ?̇?), b is the width of the XRD peak (35,2º 
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(2θ)) at half height, and K is a shape factor of approximately 0,93 for magnetite and 
maghemite[16]: 
𝐾 = 2 · (ln (
2
𝜋
))
1
2⁄ = 0,93 (2) 
Once used the Scherrer’s formula, an estimation can be done regarding the dimension of 
the crystalline diameter of nanoparticles. In this case the diameter was approximately 6,3 
nm. 
This can be corroborated with the TEM study and DLS studies. TEM study, shown in 
Figure 3.3, presents nanoparticles distribution with some agglomerations. The size of the 
nanoparticles it is less than 10 nm, approaching the crystalline diameter shown in XRD 
study. The agglomerations can be demonstrated on the DLS study, were appears a peak 
with a wide range, present in Figure 3.4. Nanoparticles synthetized had a hydraulic 
diameter (in number) of 17,8 ± 6,42 nm with a polydispersity of 0,41. This polydispersity 
of 0,41 proves the agglomerations within the standard limits for DLS analysis regarding 
co-precipitation methods (shown in ISO 22412:2017) 
 
Figure 3.3. TEM image of magnetite nanoparticles prepared by co-precipitation method. Scale bar: [100 nm] 
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The Zeta potential, 26,8 ± 7,35 mV shows a positive potential on the surface of the 
nanoparticles. If the Zeta potential tends to zero, there is going to be more clusters in the 
sample. The sign of the Zeta potential is explained in the way nanoparticles are preserved. 
Those nanoparticles are stored at pH = 2. This indicates, on the surface of nanoparticles, 
there is a layer of H3O+. This positive charge, repulse the other nanoparticles to avoid the 
formation of clusters. The possible explanation for agglomeration in this case is, although 
there is a positive charge on the nanoparticles surface, the size is small enough to 
overcome the electric charge. Thereby, their internal energy (Van der Waals attraction 
force) is large enough to overcome the electrical repulsion from the MNP [12][17]. 
 
Figure 3.4. Zetasizer analysis of MNP with size distribution and zeta potential 
The results on magnetic performance were displayed by MIAtek® analysis. Table 3.1 
indicates the relation between Miatek® results and crystalline diameter. The nanoparticles 
synthetized had a crystalline diameter of 6,05 ± 0,94 nm. As it can be seen, the magnetism 
on the different samples increases with the crystalline diameter. This increase rate has 
been corroborated in numerous publications and can be related with the inter-particle 
interaction, which depends on particle size, inter-particle spacing and the presence of a 
spin disorder layer on nanoparticles surface [18].  
 
Table 3.1. Relation between MIAtek® results and crystalline diameter 
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3.2. SiC functionalization with Fe3O4 nanoparticles 
Figure 3.5 presents the results of SiC functionalized with MNP. In this picture, there is 
no substantial difference between methods. SiC used for this experiments, SIKA® ABR 
IV A F220 with an average particle size (d3,2) of 60 µm and density of 3210 kg/m3, it is a 
particle with a plane surface without noticeable pores. SEM corroborates it. Magnetite 
nanoparticles (white dot) can be found in the irregularities of SiC particles surface and 
tends to concentrate on defects on the surface. Traces of Vanadium (V) and Titanium (Ti) 
were found on the SiC elemental analysis. Those elements tend to create irregularities on 
the exterior of SiC, improving the deposition of Fe3O4 nanoparticles. 
 
Figure 3.5. Surface SEM images of the SiC coated with Fe3O4 nanoparticles: (a) SiC blank; (b) Procedure 1; (c) 
Procedure 2; (d) Procedure 3; (e) Procedure 4.1; (f) Procedure 4.3 
 
From the elemental analysis for the SiC samples (Figure 3.6), a percentage of Fe can be 
identified. This value can only be used to acknowledge the process of nanoparticles 
deposition (detect iron nanoparticles on SiC surface) but it cannot be used as a quantifier , 
because it depends on the sample placed inside the SEM. The following results came back 
(on % Fe): (b) 1,64; (c) 2,90; (d) 1,87; (e) 3,38; (f) 0,08. All of them had the same 
magnitude, except sample (f). The procedure 4.3, which involves binder and Rotavap, 
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had issues regarding solvent evaporation. Bubbles were formed on the liquid-solid surface 
during the experiment. This might be the reason for this 0,08% of iron, the lack of 
magnetite nanoparticles deposition on SiC surface. 
 
Figure 3.6. Elemental analyses of the SiC coated with Fe3O4 nanoparticles: (a) SiC blank; (b) Procedure 1; (c) 
Procedure 2; (d) Procedure 3; (e) Procedure 4.1; (f) Procedure 4.3 
 
On the following image, Figure 3.7, FTIR-ATR image was made to detect surface 
coating. Si- band appears between 1000 and 1500 cm-1 and Si-C bound appears between 
850 cm-1 [19][20]. As it can be seen in Figure 3.7, 3 bands, at approximately 1200 cm-1, 
1000 and 850 cm-1 on the SiC Coated decreases. This drops indicates a change on SiC 
surface. In this case, SiC characteristic bands have been covered with Fe3O4 
nanoparticles. 
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Figure 3.7.FTIR-ATR SiC Blank and SiC Coated 
 
The same procedures have been tested on Silica (SiO2). SiO2 is the opposite of SiC with 
nano-pores on its surface. It was acquired from MP EcoChrom™ with an average particle 
size (d3,2) of 63-200 nm with active nano-pores of 6 nm. Figure 3.8 display the different 
SiO2 coated with Fe3O4. 
The experiments conducted on SiO2 were procedure 2 and procedure 3. As it can be seen 
on Figure 3.8 procedure 2 has changed SiO2 morphology, breaking up Silica particles, 
through mechanical agitation. The change on the surfaces triggered a major deposition of 
MNP (more white dots on the surface). Procedure 3 produced homogeneous dispersion 
along the sample, creating better results, in terms of dispersion, than with SiC. This is 
corroborated on the elemental analysis where iron peaks were far more intense than with 
SiC. The results on percentage of iron (% Fe) were: (b) 14,65;(c) 9,92. There is an 
increment over 700% over SiC experiments. 
 
Figure 3.8. Surface SEM images of the SiO2 coated with Fe3O4 nanoparticles: (a) SiO2 blank; (b) Procedure 2; (c) 
Procedure 3 
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Figure 3.9. Elemental analyses of the SiO2 coated with Fe3O4 nanoparticles: (a) SiO2 blank; (b) Procedure 2; (c) 
Procedure 3 
On Table 3.2 results on magnetism are shown. The procedures with a higher grade of 
magnetism are procedure 2 and 3, being procedure 3 the best way to achieve an acceptable 
level of magnetism. The percentage of iron was calculated through MIAtek® results on 
Fe3O4 nanoparticles display on Table 3.1. Due to the inability to recuperate the ferrofluid 
on procedure 1, there are no MIAtek® studies on such nanoparticles, therefore no results 
on the percentage of iron nanoparticles. 
% MNP =
(𝑀𝐼𝐴𝑡𝑒𝑘 𝑚𝑎𝑔. 𝑆𝑖𝐶 − 𝑀𝐼𝐴𝑡𝑒𝑘 𝑆𝑖𝐶 𝐵𝑙𝑎𝑛𝑘)𝑥𝑀𝑁𝑃 𝑤𝑒𝑖𝑔ℎ𝑡
𝑀𝐼𝐴𝑡𝑒𝑘 𝑀𝑁𝑃 𝑥 𝑀𝑎𝑔. 𝑆𝐼𝐶 𝑤𝑒𝑖𝑔ℎ𝑡
𝑥100 
(2) 
 
The procedures with the lowest magnetic performance were procedure 4, because of 
binder usage. Binder can suppress the deposition of nanoparticles on SiC surface, 
granulating the Fe3O4 into larger units, being unable to coat SiC surface. Another 
possibility could be that HPMC (binder) is unable to cover SiC due to its large surface. 
Nanoparticles are form through the nucleation and growth of superparamagnetic primary 
particles [18]. The variation on concentration, solutions homogeneity, pH, temperature 
can affect the formation of those nucleation. In procedure 1, the introduction of SiC can 
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affect the mixing homogeneity, impacting on the formation of nanoparticles. This could 
be an explanation of the poor results in MIAtek® study. 
  
Table 3.2. Results on magnetism for SiC coating with percentage of Fe3O4 nanoparticles on SiC/SiO2 surface. [NR]: 
No Results 
The comparison between SiC and SiO2 coating was done by procedure 2 and 3, with the 
procedure 3 as the best performance in MIAtek® results. As it can be seen in Table 3.2 
the percentage of Fe3O4 nanoparticles corroborates the results realized with SEM (Figure 
3.6 and Figure 3.9), where percentage of Fe3O4 on Silica duplicates the quantity on SiC. 
This is mainly caused by the nano-pores on SiO2 allowing the intensification on MNP 
deposition. However, in this case, the increase on percentage of Fe3O4 percentage does 
not imply an increase on MIAtek® measures. MIAtek® gives a higher signal if 
nanoparticles are aggregated. In SiO2, the homogeneity on its surface regarding Fe3O4 
deposition could be decreasing MIAtek® readings. If there is a major dispersion with low 
agglomerates, MIAtek® measures will drop. As Mascolo said in his study: “Magnetics 
values decrease as the magnetite particle size decreases” [12]. 
4. Conclusion 
A cheap co-precipitation and mixing method has been utilized to synthesize magnetite 
nanoparticles and functionalize SiC particles. As observed by TEM and DLS, the 
nanoparticles synthesized with a standard polydispersity for a co-precipitation method, 
with a crystalline diameter of 6 nm and a DH of 17,8 nm. From XRD pattern and FT-IR 
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analysis, it appears that the obtained nanoparticles correspond to magnetite and 
maghemite, with high magnetization saturation reachable at low applied field and 
superparamagnetic behavior at room temperature. 
Results from SEM and MIAtek® display the better method to functionalize SiC as 
procedure 3, showing no apparent change on morphology and a high magnetic saturation 
reachable at low applied field. Making these particles, suitable for tracer uses. 
5. Further steps 
In this work, it has been demonstrated that SiC can be functionalized with MNP with low 
cost and being environmental friendly. To enhance SiC functionalization, an increment 
on MNP diameter will increase its magnetism. In order to corroborate the utilization of 
magnetic SiC as a tracer, a granulometry study should be carried out to confirm there has 
not been any modifications on SiC morphology. Then, the next step will be the detection 
and separation method in a fluidized bed. First, creating a probe with a high detection rate 
and then a separation method will be investigated, in order to capture all MNP. 
Nowadays, fluorescent cameras had been developed and studied [21], to detect particle 
motion and dispersion patterns. A good solution to use those cameras, will be to develop 
SiC particle with double function: Magnetic and Fluorescent. The fluorescent 
nanoparticles designed for SiC coating will be zinc sulfide (ZnS) [22]–[25]. With this 
dual function, it can be used on other types of particles such a silica. 
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ANNEX 
1. Production of Nanoparticles of Magnetite 
To produce nanoparticles of Fe3O4 by co-precipitation methodology there are two 
parameters to be considered in order to obtain nanoparticles with a uniform length 
(between 9 and 16 nm). The methodology used is the co-precipitation. The first one is to 
respect concentrations of Fe2+ and Fe3+ to a proportion 1:2. The second one is to follow 
the molar relations explained in the table below: 
Molar relations 
Fe3+/Fe2+ 2 
NaOH/Fe(total) 5,50 
H20/Fe(total) 298,60 
HCl/Fe2+ 0,75 
Table 1.1.  Molar relations for the different reagents 
The chemicals reagents used in this experiments were FeCl3·6H2O, FeCl2·4H2O, NaOH, 
distilled water and HCl. Normally when planning these experiments, it is better to fix one 
component and equilibrate the others with the molar relations (Fe2+ for example). If the 
Fe2+ is fixed to 1’5 g, then the other reagents, holding the molar relations, are as follow: 
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  Weight (g) Volume (mL) Mol 
FeCl2·4H2O 1,5 - 0,01 
FeCl3·6H2O 4,1 - 0,02 
H2O - 119,5 6,64 
HCl (1M) - 5,7 0,01 
NaOH (2M) - 62 0,12 
Table 1.2. Weights and volumes of reagents fixing FeCl2·4H2O to 1,5 grams 
To prepare the solution of Fe3+, we weigh the powder of FeCl3·6H2O to follow the relation 
1:2 of Fe2+/ Fe3+. To do so, we place it on a beaker and we add water until the relation 
H2O is fulfilled. Be aware of the water contained on the Fe2+ and Fe3+ powders. 
Homogenize the sample with an ultrasonic-bath for 5 min. 
It is better to prepare the solution of Fe2+ the same day the reaction is going to take place, 
to avoid premature oxidation. We weigh the powder of FeCl2·4H2O, and we placed it in 
a beaker and we add the necessary volume of HCl to reach the relation HCl/Fe2+. The 
HCl used for these experiments was 1 M. Homogenize the sample with an ultrasonic-bath 
for 5 min. Once homogenized, the solutions Fe3+/Fe2+ should be mixed and stirred on an 
ultrasonic-bath to achieve the perfect molar relation Fe3+/Fe2+. 
To prepare the solution of NaOH, we weigh the powder on a beaker and we mix it with 
water to obtain a 2M concentration solution. Stirred it with a magnetic agitator to 
homogenize.  
The equipment used in the experiments was the following: 
• Thermal bath 
• 250 mL reactor 
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• Mechanical stirrer 
• Peristaltic pump 
The thermal bath is used to maintain the temperature of 30 oC to allow the repeatability 
of the experiments. 
 
Figure 1.1. Thermal bath used 
To do so, the bath is connected to the thermal shell of the reactor through plastic pipes.  
A peristaltic pump is required to do the impulsion. The flow rate was set to 1,5 L/min. 
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Figure 1.2.  Peristaltic bomb 
To start the experiment, the bath was heated to 30 oC and the pump was set to 1,5 L/min. 
Wait 20 minutes to heat and stabilize the temperature inside the reactor. First, the NaOH 
solution was placed inside the reactor. Then the reactor was sealed and stirred for 1 
minute. 
Using another peristaltic bomb, at a speed of 400 mL/min the solution of Fe2+/Fe3+ was 
poured into the reactor. This procedure is relevant because the speed addition will give 
uniformed diameters and less agglomerations. 
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Figure 1.3. Reactor with thermal Shell and paddle stirrer 
After adding the ferrous solution, the mix will be left for 2 hours with vigorous agitation. 
If the reaction is well done, the color of the solution inside will be black, indicating the 
magnetite is formatted. 
If the nanoparticles precipitate to the bottom of the reactor when the stirring stops, it 
indicates agglomeration and different diameters of nanoparticles. If the size is uniform, 
the particles will rest in suspension. The ferrofluid is transferred to a 1 L beaker. 
A specific volume of HCl 2,5 M must be added to the solution to neutralize it. This 
volume depends on the concentration of NaOH remaining in the solution. At this pH 7, 
MNP lose their surface charges and tends to aggregate themselves, becoming sensible to 
the magnetic field and therefor are easy to separate through magnets. 
 
In order to do the cleanings, a magnetic separator (Figure 1.4) was used for the separation 
of MNP and the solution. The solution inside the beaker was first neutralized with HCl 
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2,5 M and then divided into 50 mL Falcon tubes. Afterwards, the tub was placed inside 
the magnetic separator and left for 5 min. After checking that nanoparticles have been 
attracted by the magnet and the solution has become transparent (like Figure 1.5), pour 
the solution and rinse with water. Control the pH stays at 7 and repeat the operation 4 
times more.  
 
Figure 1.4. Magnetic separator 
 
Figure 1.5. MNP separation through magnets 
After washing down the samples, nanoparticles are scattered in water, adjusting the pH 
to 2 with a known volume of HCl. At the end, a black ferrofluid is obtained. In this state 
the nanoparticles are stable. 
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The concentration of Fe3O4 nanoparticles is done by spectroscopy UV. The equation used 
in this case is as follows: 
[𝐹𝑒] =
𝐴𝑏𝑠480  × 𝑘
𝜀 × 𝐿
=
𝐴𝑏𝑠480 × 300
420 × 1
 (1) 
The UV is done at a wave length λ=480 nm, being Abs (absorbance) given by the UV 
spectroscopy, k (factor of dilution), 𝜀 (absorptivity) and L (length of the optical path 
containing the sample). In this case for Fe3O4 nanoparticles k oscillates between 300 and 
500 depending on the volume used to wash the nanoparticles. 𝜀 equals to 420 l/mol·cm 
and L 1cm. To calculate the concentration of Fe3O4 do the conversion as it follows: 
[𝐹𝑒]  
𝑚𝑜𝑙
𝑙
 × 
1 𝑚𝑜𝑙 𝐹𝑒3 𝑂4
3 𝑚𝑜𝑙 𝐹𝑒
 × 
231.53 𝑔 𝐹𝑒3 𝑂4
1 𝑚𝑜𝑙 𝐹𝑒3𝑂4
= [𝐹𝑒3𝑂4]
𝑔
𝑙
 (2) 
2. Functionalization of SiC with magnetic nanoparticles 
In this work, the method used implied a direct mixing between SiC and nanoparticles. It 
was chosen due to its simplicity (lack of organic solvents and expensive equipment) and 
reproducibility. Four types of experiments were made in order to functionalize the SiC: 
1. Synthesis of MNP with SiC simultaneously 
2. Addition of MNP already produced with mechanical agitation 
3. Water evaporation 
4. Use of a binder 
All experiments were realized with a 10% of mass concentration between SiC and Fe3O4 
nanoparticles. 
𝑔 𝐹𝑒3𝑂4
𝑔 𝑆𝑖𝐶
 × 100 = 10% (3) 
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4.1. Synthesis of magnetic nanoparticles with SiC simultaneously 
The process is realized with the same reactor used earlier in the production of MNP. We 
prepare the solutions of Fe3+, Fe2+ and NaOH with the same concentrations as in the 
previous chapter. Place the NaOH and the SiC particles in the reactor and add the ferrous 
solution with vigorous agitation. Stir for 2 hours to form the nanoparticles and maximize 
the interactions between SiC and Fe3O4. 
To separate the nanoparticles that haven’t coated the SiC, it is important to filtrate the 
sample. To do it, we use a Büchner funnel, a Büchner flask and a void pump to filtrate 
the solution. A filter of 8 µm was placed inside the Büchner funnel to retain the SiC 
particles (with a diameter 75 µm) allowing the nanoparticles to pass through it (medium 
size between 9 nm and 15 nm). The Büchner can be seen in the next Figure 2.1. 
Magnetic SiC was rinsed with water three or four times in order to remove residual 
nanoparticles. The filter was placed in an oven to dry the particles. 
 
Figure 2.1. Büchner funnel and Büchner flask and paper filter 
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4.2. Addition of magnetic nanoparticles already produced with mechanical 
agitation. 
This technique use the same equipment as the section 4.1 Synthesis of magnetic 
nanoparticles with SiC simultaneously. In this case, the nanoparticles were already 
manufactured. The nanoparticles are stable at a pH = 2 and the reaction must take place 
at a pH = 12. To set the pH of the reaction and avoid premature precipitation of 
nanoparticles, the SiC is placed at the bottom of the reactor with 20 mL of NaOH 2M. 
Once the mixing SiC-NaOH is well stirred, we add the nanoparticles and agitate them for 
2 hours. 
The separation process between nanoparticles and magnetic SiC follows the same 
parameters as section 4.1 Synthesis of magnetic nanoparticles with SiC simultaneously. 
4.3. Water evaporation 
On the first assumption, solvent could hinder the coating of SiC at the end of the reaction, 
the water evaporation was tested to evaluate the initial assumption. The equipment used 
in this case was a Rotavapor R-100 (Buchi®), integrating a condenser, void pump, 
thermal bath and a mechanical rotation. The rotavapor used is showed in the following 
Figure 2.2. Rotavapor R-100.Figure 2.2 
 
Figure 2.2. Rotavapor R-100.  
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In the evaporation flask, the weight of SiC was placed with 20 mL of NaOH. Then, the 
nanoparticles were added and the evaporation flask was connected to rotavapor. Setting 
the temperature to 50 ºC and a pressure of 75 mbar, the volume was agitated through 
rotation. 
This process takes approximately 30 minutes to evaporate all the solvent. To remove the 
content from the Erlenmeyer, add 200 mL of water and stir the content. Then, with the 
same method as section 4.1 Synthesis of magnetic nanoparticles with SiC simultaneously, 
separate the magnetic SiC from the nanoparticles solution by filtration process. 
4.4. Use of a binder 
In this technique, hydroxypropyl methylcellulose (HPMC) was added to the mixing of 
SiC and nanoparticles. The binder is used with proportions between 0,5 and 1% of the 
total weight of SiC. To dissolve the HPMC, we place the powder inside a flask of 10 mL 
and add 5 mL of water. Afterwards, we place the flask on a magnetic agitator and set the 
plate to 40ºC. Once dissolved, allow the solution to cool at room temperature. 
The binder can be used in the mechanical addition or the water evaporation. On both 
cases, the binder should be the last solution to be mixed. 
3. Concentration determination by the method KSCN 
To know the exact concentration of nanoparticles, a full oxidation is required. The 
nanoparticles created of Fe3O4 are a mixture of Fe2+ and Fe3+. In order to form the complex 
FeSCN2+, and to obtain a solution which has its band of absorbance at 475nm, all Fe2+ 
must be transformed in Fe3+ [26]. 
𝐹𝑒3+ + 𝑆𝐶𝑁− ↔ 𝐹𝑒𝑆𝐶𝑁2+  (4) 
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First, the concentration of the nanoparticles solution must be between 2 mM and 20 mM 
of Fe, which are the detection limits. To do so, we calculate the theoretical concentration 
of Fe and we dilute it till 15 mM are reached. For example, with 1.5 g of FeCl2·4H2O and 
4,5 g of FeCl3·6H2O and a volume of 187,6 mL the theoretical concentration of Fe is 0.12 
M. 
1.5 g FeC𝑙2 · 4𝐻2O×
1 𝑚𝑜𝑙 FeC𝑙2 · 4𝐻2O
198.83 𝑔 FeC𝑙2 · 4𝐻2O 
×
1 𝑚𝑜𝑙 𝐹𝑒
1 𝑚𝑜𝑙 FeC𝑙2 · 4𝐻2O 
= 0.0075 𝑚𝑜𝑙 𝐹𝑒 (5) 
  
4.5 g FeC𝑙3 · 6𝐻2O  ×
1 𝑚𝑜𝑙 FeC𝑙3 · 6𝐻2O 
270.35 𝑔 FeC𝑙3 · 6𝐻2O 
×
1 𝑚𝑜𝑙 𝐹𝑒
1 𝑚𝑜𝑙 FeC𝑙3 · 6𝐻2O 
= 0.015 𝑚𝑜𝑙 𝐹𝑒 
(6) 
  
𝑚𝑜𝑙 𝐹𝑒
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
=
0.0075 𝑚𝑜𝑙 𝐹𝑒 + 0.015 𝑚𝑜𝑙 𝐹𝑒
0.1876 𝐿
= 0.12 𝑚𝑜𝑙 𝐿⁄  𝐹𝑒 
(7) 
 
To place it to 15 mM, dilute 84 µL of nanoparticles solution in 1 mL of deionized water 
with a factor 12 dilution. 
Once the solution is ready in a Falcon tube of 15 mL, place the next reagents: 
1. 10 µL of nanoparticles solution 15 mM [fe] 
2. 100 µL of a H2O2 solution 20% m/m 
3. 100 µL of a HNO3 solution 7 M 
Heat the falcon tube in a thermal bath for 2-3 hours to destroy the nanoparticles and 
oxidize Fe2+ to Fe3+. 
4. Add 1 mL of deionized water 
5. 100 µL of a KSCN solution 2M 
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Once the KSCN is introduced inside the falcon tube it is important to measure the 
absorbance immediately. Place the UV to 475 nm and measure the absorbance. The blanc 
used was water. With the following equation, the concentration of Fe can be found: 
𝐴𝑏𝑠 475 𝑛𝑚 = 0.054 ×[𝐹𝑒] 𝑜𝑛 𝑚𝑀  𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟       (8) 
For a direct measure of nanoparticles concentration, the wave length was 480 nm (λ=480 
nm), the dilution factor was 1/300, 𝜀 was 420 L·mol-1·cm-1 and L being 1 cm. With the 
following equation, the concentration was determinated: 
[𝐹𝑒] =
𝐴𝑏𝑠 480 𝑛𝑚 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝜀 𝑥 𝐿
 
(9) 
 
